Aim: Hyperoside is a flavonol glycoside mainly found in plants of the genera Hypericum and Crataegus, which has shown anti-oxidant, anti-cancer and anti-inflammatory activities. In this study, we investigated the effects of hyperoside on human rheumatoid fibroblastlike synoviocytes (FLSs) in vitro and on mouse collagen-induced arthritis (CIA) in vivo. Methods: FLSs were isolated from primary synovial tissues obtained from rheumatoid arthritis (RA) patients and exposed to LPS (1 µg/mL). Cell viability and proliferation were measured with MTT and BrdU assay. Cell migration was assessed using wound-healing assay and Transwell assay. DNA binding of NF-κB was measured using a TransAM-NFkappaB kit. The localization of p65 subunit was detected with immunocytochemistry. CIA was induced in mice by primary immunization with Bovine Type II collagen (CII) emulsified in CFA, followed by a booster injection 3 weeks later. The arthritic mice were treated with hyperoside (25, 50 mg·kg -1 ·d -1
Introduction
Rheumatoid arthritis (RA) is a chronic autoimmune disease of unknown origin characterized by inflammation of joint tissue and synovial hyperplasia with proliferation of fibroblastlike synoviocytes (FLSs), eventually leading to cartilage and bone destruction [1] . The pathogenic mechanisms of RA have not been fully elucidated, but activated FLSs are considered to play a pivotal role in the initiation and perpetuation of destructive joint inflammation [2, 3] . It has been reported that stable activated RA FLSs exhibit characteristics of tumor cells such as mutant p53 transcripts [4] and play a prominent role in the development of pannus by migration and invasiveness towards cartilage and bone [5] . One of the major signaling pathways implicated in joint inflammation is the nuclear factorkappa B (NF-κB) pathway. NF-κB regulates the expression of various proinflammatory mediators, including cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-6, chemokines, and cellular adhesion molecules [6] [7] [8] . NF-κB activation in FLSs also contributes to the pathogenesis of RA by activating the transcription of matrix metalloproteinases (MMPs), which are responsible for the invasion properties of FLSs [9] [10] [11] . NF-κB is a family of five proteins and is typically a heterodimer composed of p50 and p65 (RelA) subunits. Its regulation depends on its translocation and subsequent DNA binding. In quiescent cells, NF-κB is retained in the cytoplasm through an interaction with inhibitory IκB proteins. In response to a variety of stimuli, including proinflammatory cytokines such as TNF-α, IL-6 and IL-1β as well as LPS, inhibitory IκB is degraded by the ubiquitin-proteasome pathway, leading to nuclear translocation of NF-κB and transcription of many genes encoding proinflammatory proteins [12, 13] . NF-κB is highly activated in the synovial tissue of RA patients [14, 15] and in mice with collagen-induced arthritis (CIA) [16] . Electromobility shift assays demonstrate that NF-κB binding is significantly higher in RA synovium compared with osteoarthritis. Inhibiting phosphorylation of the kinase or blocking translocation of NF-κB has been shown to suppress inflammatory arthritis [17] . It has been reported that p50-deficient mice do not show joint destruction [18] . A number of anti-RA drugs currently in clinical use have been shown to suppress NF-κB activities [19] [20] [21] . In addition, direct intraarticular transfection of NF-κB decoy oligonucleotides in rats with CIA ameliorated the severity of joint destruction of CIA [22] . Furthermore, in vitro overexpression of IκBα super-repressor in FLSs from RA patients inhibits IL-1β-induced production of chemokines, activation of MMP-1 and MMP-3, and FLS proliferation [23] . Taken together, these studies confirm that NF-κB is one of the key regulators promoting joint inflammation and FLS proliferation in arthritis. Development of drugs targeting the NF-κB signaling pathway may be considered a potential therapy for arthritis.
It is well-known that several biological drugs targeting proinflammatory cytokines, such as TNF-α blockers and IL-6 receptor antagonists, have proven effective in patients with RA [24] [25] [26] . However, some populations of RA patients remain refractory to various biological agents. In addition, the risk of severe infections is increased by biological drugs [27, 28] . Therefore, the development of novel therapeutic agents is still needed. In recent years, an increasing number of plantderived herbal products have been considered for the treatment of RA. Hyperoside is a flavonol glycoside mainly found in plants of the genera Hypericum and Crataegus [29] . Pharmacological investigations have demonstrated that hyperoside has anti-oxidant [30] , anti-cancer [31] and anti-inflammatory activities [32] [33] [34] . This compound exerts anti-inflammatory effects by suppressing the production of proinflammatory cytokines through inhibiting the activation of the NF-κB signaling pathway in human endothelial cells [33] . These observations suggest that hyperoside could be used to treat NF-κB-related inflammatory diseases, including RA. Here, we investigated the effects of hyperoside on cultured human RA FLSs and on mice with CIA. We found that hyperoside was effective at suppressing the production of proinflammatory mediators in vitro. Furthermore, therapeutic administration of hyperoside significantly reduced the severity of CIA in mice.
Materials and methods
Reagents Hyperoside (MW: 464.38, HPLC ≥98%) was purchased from Nanjing Spring & Autumn Biological Engineering Co, Ltd (Nanjing, China). It was dissolved in aqueous DMSO and delivered to cells in media containing the solvent at a final concentration of 0.1% (v/v). The 5-bromo-2-deoxyuridine (BrdU) Cell Proliferation Assay Kit was purchased Merck Millipore (Darmstadt, Germany). Collagenase and LPS were purchased from Sigma (St Louis, MO, USA).
Isolation and culture of RA FLS from patients Human synovial tissue was obtained with informed consent from all RA patients, and the study protocol was approved by the Ethics Committee of Liaoning Medical University Hospital. RA FLSs were isolated from primary synovial tissue obtained from RA patients who met the 1987 American College of Rheumatology (ACR) criteria [35] for the diagnosis of RA and had undergone synovectomy, as previously described [36] . Synovial tissues were cut into small pieces and digested with collagenase in Dulbecco's modified Eagle's medium/nutrient mixture F-12 (DMEM/F12) for 2 h at 37 °C. Cells were grown at 37 °C in a humidified atmosphere containing 5% CO 2 /95% O 2 in high glucose-containing DMEM/F12 (GIBCO; Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS), 2 mmol/L glutamine, 100 units/mL penicillin, and 100 µg/mL streptomycin. Cells were used at passages four to nine, at which time they consisted of a homogeneous population. All treatments were performed in a serum-free medium.
Cell viability assay and LPS-induced FLS proliferation
Cell viability was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method. Briefly, FLSs were seeded in a 96-well plate at a density of 1×10 4 cells/well and allowed to adhere for 24 h. Cells were deprived of serum for 12 h, treated with hyperoside (1, 10, and 100 µmol/L) for an additional 48 h, and then incubated in 0.5 mg/mL MTT solution. After 4 h of incubation, the dark blue formazan crystals that had formed in intact cells were dissolved in DMSO, and the absorbance at 570 nm was read using a microplate reader (Thermo; Waltham, MA, USA).
The BrdU assay was used to examine the effect of hyperoside on the proliferation of FLSs. A cell proliferation ELISA was used to measure the incorporation of BrdU during DNA synthesis, following the manufacturer's protocols. Briefly, the cells were pretreated with hyperoside (1, 10, 50, and 100 µmol/L) for 1 h and then incubated with or without LPS (1 µg/mL) in the medium for another 48 h. Eighteen hours before termination of the experiments, BrdU (10 µmol/L) was added to the culture medium for 18 h. Then, the BrdU-labeled cells were fixed, and the DNA was denatured in fixative solution for 30 min at room temperature. The cells were then incubated with peroxidase-conjugated anti-BrdU antibody for 1 h at room temperature, followed by washing three times with washing solution. The immune complex was detected using a 3,3′,5,5′-tetramethylbenzidine substrate reaction, and absor- (10, 50 , and 100 µmol/L) for 4 h; LPS (1 µg/mL) was then added before incubation for another 48 h. The culture media were collected at the end of the culture period and centrifuged at 10 000×g for 5 min to remove the particulate matter. The levels of TNF-α, IL-6, IL-1β, and MMP-9 in the culture supernatants were assessed using ELISA kits (R&D Systems; Minneapolis, MN, USA) according to the manufacturer's instructions. Optical density was determined by a microplate reader (Model ELx800, BioTek). The standard curves of TNF-α, IL-6, IL-1β, and MMP-9 were established using known concentrations of cytokines by plotting optical density vs log of the concentration.
Migration assay using wound-healing assay chambers Wound-healing assays were performed using specific wound assay chambers (ibidi; Munich, Germany). Seventy microliters of cell suspension (5×10 5 cells/mL) was seeded into each well of the culture insert. After appropriate cell attachment for 24 h, the culture inserts were removed and the cells were washed twice with PBS. Then, the cells were pretreated with hyperoside (50 µmol/L) for 1 h, followed by incubation with LPS (1 µg/mL) in FBS-free DMEM/F12 for 24 h. The cell migration into the defined cell free gap (500 µm) was observed for 12 h and 24 h under a phase-contrast inverted microscope (Olympus). Images were captured with a TUCSEN camera. A cell-free area was measured using Wimasis Image Analysis (ibidi) at 0, 12, and 24 h, and the ratio was then calculated (cell-free area at 12 or 24 h per cell-free at 0 h).
Migration assay using Transwell chambers
For migration assays, Transwell chambers (6.5 mm, 8 µm pore size; Corning, NY, USA) combined with 24-well culture companion plates were used. Before migration, the cells were serum-starved overnight in DMEM/F12 containing 1% FBS. Hyperoside pretreated cells were trypsinized for 2 h and seeded onto filter membrane of the insert (5×10 5 cells/mL) with a serum-free medium containing hyperoside. The bottom compartment of the chambers was filled either with 0.6 mL DMEM/F12 containing 0.5% FBS (unstimulated control) or 0.6 mL DMEM/F12 containing 10% FBS. Cells were allowed to migrate through the filter membrane for 24 h at 37 °C in a CO 2 incubator. Following incubation, the non-migrating cells were removed from the upper surface with cotton swabs, and the migrated cells, now at the bottom surface of the filter membrane, were stained with 0.1% crystal violet for 30 min at 37 °C. Chemotaxis was quantified by counting the stained cells using an optical microscope (magnification 100). The stained cells were counted as the mean number of cells per nine random fields for each assay. All treatments were performed in triplicate.
Measurement of NF-κB DNA binding activity DNA binding activity of NF-κB was measured with a sensitive multiwell colorimetric assay [37] using a TransAM-NFkappaB kit (Active Motif; Carlsbad, CA, USA). Briefly, nuclear extracts (10 µg) from each sample were incubated in 96-well plates coated with NF-κB consensus double-stranded oligonucleotide sequence (5′-AGTTGAGGGGACTTTCCCAGGC-3′) for 1 h and then with primary NF-κB antibody (1:1000) for 1 h, and subsequently with peroxidase-conjugated secondary antibody (1:1000) for 1 h at room temperature. After colorimetric reaction, optical density was read at 450 nm with a microplate reader (ELx800, BioTek). The results are expressed after subtraction of the blank values. For competition assays, the nuclear extracts were incubated with 22-bp doublestranded DNA, either wild-type or mutated (5′-AGTTGAGCT-CACTTTCCC AGGC-3′ [underline denotes the substitution]).
Western blot analysis
Human RA FLSs were seeded in 6-well plates at a density of 5×10 6 cells/well and pretreated with hyperoside (10, 50, and 100 µmol/L) for 8 h before being exposed to LPS (1 µg/mL) for 30 min or 48 h. Whole-cell lysates or cytoplasmic and nuclear protein extracts were prepared from RA FLSs using a radioimmune precipitation assay lysis buffer or cytoplasmic and nuclear protein extraction reagents. Equivalent amounts of protein (40 μg) from each sample were mixed with gel loading buffer in a ratio of 1:1, heated at 95 °C for 5 min, electrophoresed in a 10%-12% SDS-PAGE and transferred onto a nitrocellulose membrane (Millipore; Bedford, MA, USA). The nitrocellulose membranes were blocked with 5% BSA. The blots were probed with antibodies against the NF-κB p65, phospho-NF-κB p65 (Ser536), IκBα, phospho-IκBα (Ser32), and β-actin (all from Cell Signaling; Beverly, MA, USA). HRPconjugated anti-IgG (Cell Signaling; Beverly, MA, USA) was used as a secondary antibody. Membranes were visualized with a chemiluminescence system (Pierce; Rockford, IL, USA). Staining intensity was quantified from 3 blots derived from 3 independent experimental trials. The density of each band was quantified using Image J software and normalized β-actin expression. The protein levels were expressed as the ratio of the band intensity for the protein of interest to that for β-actin and were used as loading controls.
Immunocytochemistry for NF-κB p65 localization Human RA FLSs cultured on coverslips were pretreated with hyperoside (50 µmol/L) for 4 h before incubation with LPS (1 µg/mL) for 30 min. The cells were then washed and fixed with a 4% paraformaldehyde for 30 min at 37 °C, permeabilized with 0.3% Triton X-100 for 10 min, and blocked with 5% normal goat serum for 1 h at room temperature. Next, cells were incubated with rabbit monoclonal anti-NF-κB p65 antibody (1:100, Cell Signaling Technology; Beverly, MA, USA) overnight at 4 °C. After extensive washing with PBS, the slides were incubated with anti-rabbit secondary antibody conjugated with rhodamine (TRITC, 1:1000; The Jackson Labs, www.chinaphar.com Jin XN et al Acta Pharmacologica Sinica npg West Grove, PA, USA) at room temperature for 2 h and counterstained for nuclei with Hoechst 33258 (50 ng/mL) for 5 min.
Animals
Pathogen-free male DBA/1 mice were purchased from Beijing HFK Bioscience Co, Ltd (Beijing, China). Mice were housed three to four per cage, under specific pathogen-free conditions, with a 12-h light/dark cycle and fed standard rodent chow and water ad libitum. The experimental protocol was approved by the Experimental Animal Care and Use Committee of Liaoning Medical University.
Induction and assessment of CIA CIA was induced as previously described [16] . Bovine Type II collagen (CII; Sigma; St Louis, MO, USA) was dissolved to a concentration of 2 mg/mL in 0.01 mol/L acetic acid at 4 °C, with constant overnight mixing. CII was emulsified with an equal volume of Complete Freund′s adjuvant (CFA, Sigma; St Louis, MO, USA). Mice were immunized intradermally at the base of the tail with 150 µL emulsion. The day of the first immunization was defined as day 0. The mice were then given a booster injection of an equal amount of CII emulsified in CFA on day 21. CII solution and emulsion with CFA was always freshly prepared. The control mice were injected in the same way, whether with saline or CFA. Beginning 4 weeks after the primary immunization, the mice were examined 2-3 times per week for onset and severity of arthritis in their four paws using a blind procedure. To examine the therapeutic effect of hyperoside, arthritic mice (with an arthritis score of approximately 2 on day 31) were randomly divided into three groups (n=8 mice per group), including the vehicle group and hyperoside-treated group (25 mg/kg and 50 mg/kg, respectively). Hyperoside or vehicle solution was intraperitoneally administered to each group every day until day 52, after primary immunization. Clinical arthritis scores were evaluated using a scale of 0-4 for each limb: 0, normal; 1, erythema and mild swelling confined to the ankle joint and toes; 2, erythema and mild swelling extending from the ankle to the midfoot; 3, erythema and severe swelling extending from the ankle to the metatarsal joints; 4, severe swelling, erythema, and joint rigidity of the ankle, foot and digits. The clinical scores for each mouse are the sum of the scores for four limbs, and the maximal score for each mouse is sixteen. On day 52, the mice were killed with an overdose of anesthetic, and joint tissues were harvested from each animal for histologic analysis.
Histopathological assessment
The hind paws and knee joints were fixed in 4% buffered formaldehyde, decalcified for 3 weeks in 12% disodium EDTA, dehydrated, and embedded in paraffin. Sections (5 µm) were stained with hematoxylin and eosin or Safranin O for light macroscopic examination. Histopathological assessment of the joints of the CIA mice was carried out as previously described [38] .
Statistical analysis
The data are expressed as the mean±SEM and were analyzed by one-way ANOVA followed by an LSD post hoc multiplecomparison test or by Student's t-test for two-group comparisons. A P-value of less than 0.05 was considered significant.
Results
Effect of hyperoside on LPS-induced cell proliferation in human RA FLSs The chemical structure of hyperoside is presented in Figure  1A . The cytotoxic effect of hyperoside on human RA FLSs was examined ( Figure 1B) . RA FLSs were treated with hyperoside (1, 10, and 100 µmol/L) in an FCS-free medium for 48 h, and cell viability was determined using the MTT assay. Treatment with 1 and 10 µmol/L hyperoside had no significant effect on cell viability for 48 h. However, 100 µmol/L hyperoside decreased cell viability by 27%. Based on data from preliminary studies, three different concentrations of hyperoside (10, 50, and 100 µmol/L) were chosen for the following experiments. Synovial hyperplasia, also called pannus, in RA is primarily associated with uncontrolled FLS proliferation [39] . RA FLSs produce a variety of proinflammatory cytokines, chemokines, and matrix-degrading enzymes and are responsible for the destruction of articular cartilage and bone [1] . LPS is wellknown as a potent growth-promoting agent in various cell types [40] . The effect of hyperoside on proliferation of RA FLSs was evaluated using the BrdU incorporation assay in the presence or absence of LPS ( Figure 1C) . Treatment with LPS (1 µg/mL) alone for 48 h significantly increased the RA FLS proliferative potential. Pretreatment of hyperoside (1, 10, 50, and 100 µmol/L) significantly inhibited this increased proliferation of LPS-treated RA FLSs in a concentration-dependent manner. Incubation with hyperoside (50 µmol/L) in the absence of LPS did not affect RA FLS proliferation.
Effect of hyperoside on human RA FLS migration abilities
In the RA synovium, the migration of RA FLSs into the cartilage and bone is considered important for pannus development [3] . Therefore, by using an in vitro wound-healing model, we investigated whether hyperoside could alter RA FLS motility. As shown in Figure 2A , incubation with LPS significantly decreased the cell-free area in 12 or 24 h, indicating that LPS induced RA FLS migration. Moreover, pretreatment with hyperoside significantly suppressed LPS-induced motility in RA FLSs. To further confirm the role of hyperoside on FLS migration, we also used the Transwell chamber assay to assess the cell migration. As expected, RA FLSs treated with either the vehicle or hyperoside did not migrate in the presence of 0.5% FBS. The presence of 10% FBS triggered a chemotactic response demonstrated by the marked (~50-fold) increase in RA FLSs migration following treatment with the vehicle; by contrast, hyperoside treatment significantly attenuated RA FLSs migration ( Figure 2B ). It is important to note that these www.nature.com/aps Jin XN et al Acta Pharmacologica Sinica npg effects were independent of cell proliferation, as RA FLSs require ~36 h for one replication.
Effect of hyperoside on LPS-induced production of pro-inflammatory mediators in human RA FLSs
It is well-known that pro-inflammatory cytokines play key roles in the pathogenesis of RA. To examine the anti-inflammatory effect of hyperoside, RA FLSs were incubated with different concentrations of hyperoside (10, 50, and 100 µmol/ L) in culture media, followed by stimulation with 1 µg/mL LPS for 48 h. The addition of LPS significantly increased the production of TNFα, IL-6, and IL-1β compared with that of the control. However, pretreatment with hyperoside for 4 h greatly inhibited the production of TNFα ( Figure 3A ), IL-6 ( Figure 3B ), and IL-1β ( Figure 3C ) in a concentration-dependent manner. RA FLSs have the ability to secrete zinc-dependent proteases such as MMPs, which promote degradation of the extracellular matrix proteins in joints and bones [41] . MMP-9, also called collagenases, are induced in RA FLSs by pro-inflammatory cytokines and LPS [3, 42] . A recent report suggests that MMP-9 plays an important role in RA FLS migration and invasion induced by LPS [42] . Because hyperoside inhibited RA FLS migration, we examined the effect of hyperoside on MMP-9 secretion in cultured media. As shown in Figure 3D , the secretion of MMP-9 in RA FLSs was induced when cultured in a serumfree medium with LPS (1 µg/mL) for 48 h. The treatment of RA FLSs with hyperoside suppressed LPS-induced MMP-9 secretion in a dose-dependent manner.
Effects of hyperoside on LPS-induced NF-κB signal activation in human RA FLSs Next, we studied the role of hyperoside in the activation of NF-κB, a critical regulator of inflammatory cytokine gene transcription. LPS has been shown to induce the translocation of the cytosolic p65 subunit into the nucleus after phosphorylation. Therefore, we first tested the effect of hyperoside on LPSinduced nuclear translocation of p65 by an immunofluorescene assay and Western blot analyses. Western blot analyses using cytosolic and nuclear fractions showed that the protein level of p65 in the nucleus was markedly increased after 30 min of exposure to LPS, concomitant with a decrease of p65 in the cytoplasm (Figure 4A ), compared with a similar fraction from unstimulated cells. Nuclear translocation of p65 was markedly suppressed by hyperoside in a concentration-dependent manner ( Figure 4B) . Furthermore, the shift of NF-κB to the nucleus in RA FLSs was analyzed using immunofluorescence staining. The immunofluorescence images revealed that basal p65 was distributed in the cytoplasm and that nuclear translocation of p65 was increased in LPS-stimulated RA FLSs. sBy contrast, the LPS-induced translocation of p65 was significantly inhibited in hyperoside-treated RA FLS ( Figure 4C) .
LPS has been shown to induce the phosphorylation of p65, which is required for translocation of p65 to the nucleus. Therefore, we also tested the effect of hyperoside on LPSinduced phosphorylation of p65. As shown in Figure 5A and B, LPS induced the phosphorylation of p65 in a timedependent manner ( Figure 5A ), and hyperoside pretreatment significantly suppressed LPS-induced phosphorylation of p65 in a concentration-dependent manner ( Figure 5B) .
To further investigate the role of hyperoside on the NF-κB signaling pathway, NF-κB DNA binding activity was also measured with a sensitive colorimetric assay using a specific Figure 5C ). By contrast, nuclear extracts prepared from hyperoside-treated RA FLSs revealed markedly suppressed DNA binding of NF-κB in a concentration-dependent manner ( Figure 5D ).
Effects of hyperoside on LPS-induced phosphorylation and degradation of IκBα
The translocation of NF-κB to the nucleus is preceded by the phosphorylation, ubiquitination, and proteolytic degradation of IκBα [43] . To determine whether the inhibitory action of hyperoside on LPS-induced NF-κB activation was due to an effect on IκBα degradation, the cytoplasmic IκBα protein levels were examined by Western blot analysis. Time course analysis revealed that IκBα was maximally degraded 30 min after LPS treatment of RA FLS and resynthesis began thereafter ( Figure  6A ). The pretreatment of cells with hyperoside completely abolished the LPS-induced degradation of IκBα ( Figure 6B ).
To determine whether inhibition of LPS-induced IκBα degradation by hyperoside was due to suppression of IκBα phosphorylation, we examined the phosphorylated form of IκBα using an antibody that recognizes only the serine-phosphorylated form of IκBα. As shown in Figure 6C , LPS induced IκBα phosphorylation, and the activation could be seen as early as 5 min after LPS treatment. Pretreatment of hyperoside markedly suppressed the LPS-induced IκBα phosphorylation in a concentration-dependent manner ( Figure 6D ).
Suppression of synovial inflammation and bone destruction in mice with CIA by treatment with hyperoside Next, we assessed the anti-arthritic role of hyperoside in mice with CIA. To test the possible therapeutic effect of hypero- Figure 2 . Effect of hyperoside on RA FLSs migration. (A) Migration analysis using wound assay chambers. RA FLSs were seeded into wound assay culture inserts (ibidi) and incubated for 24 h. Removal of the insert yielded a uniform "wound" to the monolayer. After preincubation with hyperoside (50 µmol/L) for 1 h, cells were stimulated with LPS (1 µg/mL) for 24 h. The cell-free areas were measured using Wimasis Image Analysis (ibidi) and the ratio was calculated (cell-free area in 12 h or 24 h to cell-free area in 0 h). (B) Migration was performed in a Transwell chamber and chemotaxis was quantified by counting the migrated cells. The RA FLSs were seeded in a Transwell chamber and allowed to migrate for a further 24 h. FBS (10%) was used as a chemoattractant. Data represent the mean±SEM of five independent experiments. ** P<0.01 compared with the control group. ## P<0.01 compared with the LPS-treated group.
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Acta Pharmacologica Sinica npg side on the CIA animal model, we included only those mice that had apparently begun to develop arthritis, and injected hyperoside (25 mg/kg and 50 mg/kg) every day until day 52, after primary immunization. The clinical score was used to evaluate the progression of arthritis development. Vehicletreated mice developed severe swelling, erythema, and joint rigidity of the hind paws. By contrast, in mice treated with hyperoside, the severity of CIA was significantly attenuated according to mean arthritis score ( Figure 7A and 7B) . In addition, CFA-treated (as a negative control) mice did not develop any clinical signs of arthritis ( Figure 7A and 7B). Histopathological assessment showed synovial proliferation, cartilage damage, and inflammatory cell infiltration in the ankle joints of vehicle-treated mice. By contrast, the destruction of cartilage and inflammation was remarkably alleviated by hyperoside treatment compared with vehicle-treated mice ( Figure 7C ).
Discussion
In the present study, we showed that hyperoside effectively suppressed the inflammatory response and cartilage damage in both in vitro and in vivo RA models. We found that hyperoside inhibited LPS-induced cell proliferation and migration, cytokine production, and MMP-9 secretion in cultured human RA FLSs. Subsequently, hyperoside alleviated the clinical scores, synovial hyperplasia, and inflammatory cell infiltration in CIA mice, which is the prototype of an animal model of RA. These beneficial effects of hyperoside correlated with decreased activity of the NF-κB signal.
In RA, FLSs and various inflammatory cells can produce pro-inflammatory cytokines, such as TNFα, IL-1β, and IL-6 [44] . Increasing levels of cytokines in the synovium regulate growth factor expression and lead to activation of FLSs, which undergo hyperplasia, a hallmark event in RA. Activated FLSs can undergo migration and induce and/or enhance the production of MMPs that in turn mediate tissue destruction [45, 46] . As a first step towards application of hyperoside, we tested the effects of hyperoside on proliferation and migration of RA FLSs. The results demonstrated that hyperoside significantly suppressed LPS-induced FLS proliferation and migration. In this study, we also confirmed that hyperoside reduced the LPS-induced increase in production of TNFα, IL-1β, and IL-6 Over 20 members of the MMP family have been identified in humans to date. Elevated gene expression of MMPs is critical for the progression of RA [47, 48] . LPS can stimulate FLS to secrete MMPs, and this induction is regulated at the transcriptional and translational levels [49] . MMP-9 is one of two major gelatinases in the MMP family, which, in addition to efficiently and rapidly cleaving unfolded collagen (gelatin), has been reported to cleave other matrix and non-matrix components [50] .
MMP-9 expression is activated by proinflammatory cytokines [51] and has been shown to decrease in response to anti-TNF therapy [52] . In the present study, LPS treatment of human RA FLSs caused an increase in MMP-9 levels. The increase in MMP-9 secretion was inhibited by hyperoside in cultured RA FLSs. Therefore, it is likely that hyperoside blocks cartilage damage mediated by MMPs in the inflamed joints of RA.
It has been reported that the translocation and subsequent DNA binding of NF-κB in inflamed synovium transactivates [42, 53] . Therefore, NF-κB has been extensively studied to determine its role in the pathogenesis of RA, and NF-κB inhibition has been explored as a therapeutic approach to the disease. A recent report showed that hyperoside inhibited the NF-κB pathway in lipopolysaccharide-stimulated mouse peritoneal macrophages [32] .
Thus, we postulated that hyperoside might suppress NF-κB activation in RA FLSs. Our results indeed demonstrate that hyperoside can suppress NF-κB activation induced by LPS in cultured human RA FLSs. In response to LPS stimulation, NF-κB is translocated into a nucleus through IκB degradation by activating the TLR4-mediated MyD88-dependent signaling pathway [54] . In the present study, we showed that hyperoside CIA is a common model of RA and has been used in numerous studies to examine the pathogenesis of arthritis and identify potential therapeutic targets. To confirm our results from a local to a systemic level, we treated CIA DBA/1 mice with hyperoside (25 mg/kg and 50 mg/kg). The treatment of arthritic mice with hyperoside significantly reduced the clinical scores and alleviated synovial hyperplasia and inflammatory cell infiltration, as demonstrated by clinical evaluation and histomorphometry.
The most important goal in RA therapy is the prevention of bone destruction to maintain normal joint function. Some studies have indicated that bone-resorbing osteoclasts in the synovium play an important role in bone and cartilage destruction in RA [55, 56] . IL-6 is a pleiotropic cytokine with multiple roles in the regulation of inflammation and hematopoiesis. IL-6 derived from activated synovial macrophages and FLS stimulates local osteoclasts to resorb the bone matrices in the affected joints [56] . Consistent with these findings, this study demonstrated that hyperoside inhibited an LPSinduced increase in production of IL-6 RA FLSs. Given the essential effect of NF-κB for the expression of genes required for osteoclastogenesis, it is possible that hyperoside minimizes joint destruction by inhibiting the NF-κB pathway and decreasing the number and activity of osteoclasts. Although 
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Acta Pharmacologica Sinica npg we argue that NF-κB inhibition is the principal therapeutic effect of hyperoside on RA, we do not exclude the possibility of unidentified effects of hyperoside in other cell types. In summary, the present study provides evidence to support the notion that hyperoside, by acting as an anti-inflammatory and suppressing joint destruction, has a potent therapeutic effect on the development and progression of CIA in mice. This therapeutic effect of hyperoside may be related to the decreased production of pro-inflammatory cytokines and suppression of the NF-κB signaling pathway. Hyperoside has the potential to be developed into a novel therapeutic agent for the treatment of human RA.
